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ABSTRACT 
The ~bility to produce complex and discrete finish parts in high production rates 
has made the injection molding process a major method in manufacturing plastic parts. 
The shrinkage behavior plays an important role in the determination of the final 
dimensions and hence the part quality of plastic injection molded parts. In this study, the 
experimental design approach is used to study the effects of three processing parameters 
on the shrinkage behavior for along-the-flow and across-the-flow directions of injection 
molded parts. Multiple regression models are set up that predict the shrinkage for 
polystyrene (PS, amorphous thermoplastic) injection molded parts. In addition, the 
Taguchi method is also used for analyzing the shrinkage data. The models are verified 
and validated using two different materials, acrylonitrile butadiene styrene (ABS), an 
amorphous thermoplastic, and polypropylene (PP), a semi-crystalline thermoplastic. The 
study succeeded in deriving multiple regression models for PS injection molded parts 
having explained variances of 0.959 and 0.952 respectively in the along-the-flow and 
across-the-flow directions. The difference in shrinkage between the measured and 
predicted values of shrinkage for ABS for along-the-flow case was found to be 0.64% 
and for across-the-flow case was found to be 4.9%, while for PP it was found to be 9.09% 
and 10.1 % respectively. This study was successful in finding out the effects of the 
processing parameters on shrinkage behavior and obtaining equations for predicting 
shrinkage, for along-the-flow and across-the-flow, of plastic injection molded parts. 
CHAPTER 1. INTRODUCTION 
Plastic materials are now being extensively used in our daily lives: such as in 
telephones, automobiles and milk jugs. Plastics have become competitive with traditional 
metals due to advantages like low cost, reduced weight, flexibility, and corrosion resistance. 
Also a wide range of processing techniques is available for producing plastic parts. The 
major processing techniques available are rotational molding, compression molding, 
thermoforming, extrusion and injection molding. 
The plastics industry is becoming highly competitive with other industries in mass 
production of products with close dimensional tolerances. In today's competitive 
environment manufacturers need to be able to respond to customer demands rapidly and 
efficiently. When a part is being injection molded, the primary objective is for the part to be 
made as fast as possible consistent with the minimum quality requirements. This entails 
minimizing the cycle time. 
The setup time of the injection molding machine is of critical importance in the 
production process. Hence, it becomes necessary to set the optimum level of the processing 
parameters in the minimum time possible. The traditional method of "trial and error" is 
time consuming and may not be the ideal case. Also a high level of engineering skill is 
needed. Design of Experiments can be used to speed up the process of setting up the 
process parameters for better quality and a reduction of set-up time. 
Shrinkage plays a very important role in determining the final dimensions of 
injection molded plastic parts. This study will investigate the significant effects of the 
processing parameters on the shrinkage of plastic injection molded parts. An effort will be 
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made to develop a statistical model to predict shrinkage based on the processing parameters 
and their interactions with one another. 
1.1 Role of injection molding in the plastics industry 
Injection molding process accounts for more than sixty percent of the plastic 
processing industry. Wherever one cares to look around in the home, the office, the factory, 
in industry, agriculture, horticulture, or in fact all aspects of modem life, one sees plastic 
injection moldings. Their applications are numerous and for the most part, their 
performance is unexampled (Bown, 1979). Figure 1.1 shows the demand for injection 
molded plastics over a spah of fifteen years. It can be seen that the increase was dramatic in 
the 90's, which may have been due to increased competition between computer 
manufacturers. 
The injection molding process involves the melting of plastics and forcing the 
molten material under pressure into a mold in the shape of the final product, where it is then 
cooled. J. W. Hyatt created the first injection molding machine in 1872 in the United States, 
however it was known as a packing machine (Johannaber, 1994). The first injection 
molding machines were plunger types, which were eventually replaced by the reciprocating 
screw-type, which are predominantly in use today. 
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Figure 1.1 Demand by market of injection molding markets. (Goldsberry, 1998) 
1.2 Existing problems about injection molding process 
The injection molding process is an intricate process with many variables, which 
seem interdependent. Some of these variables include melt temperature, mold temperature, 
holding pressure, cavity pressure, hold time, cooling time, injection speed, part geometry 
and injection pressure. Optimization of the injection molding process is complicated and is 
usually performed by an engineer with many years of experience. The engineer usually 
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relies upon his experience or "trial and error" to find the optimal settings of the processing 
parameters for production. Kazmer, Rowland and Sherbelis explain further: 
The traditional approach to machine input selection (tuning) in the plastics industry 
has been based on "trial and error". For this, shots are usually taken during start-up, 
and part quality attributes are measured after each shot to evaluate the quality of 
produced parts. A human expert then uses his knowledge of the process to select the 
machine inputs in such a way as to improve the quality of the part from shot to shot. 
This tuning exercise is repeated until the specifications for part quality are satisfied. 
The main drawback of the traditional tuning approach is its inefficiency, which 
arises from its "ad hoc" nature. (Kazmer, Rowland, and Sherbelis, 1997, p.44) 
Quality control has become a major issue in manufacturing today. Close 
dimensional tolerances are necessary to be competitive in the market. This necessitates the 
optimization of the injection molding process. Dillman, Howe, and Robar explain: 
Trial and Error is no longer good enough. It is time consuming and provides no 
assurance of finding the true optimal conditions. Furthermore, trial and error 
methods usually ignore the effect of interactions between variables. For these 
reasons, molders have begun looking toward designed experiments to more quickly 
provide truly optimal molding conditions. (Dillman, Howe, and Robar, 1996, p.754) 
An approach for the quick and efficient setting of the processing parameters 
resulting in good quality parts is therefore needed. 
1.3 Resolution of the problem 
The problem of this study is three-fold: 
1. To identify the significance of the effect of processing parameters and their interactions 
on shrinkage behavior of plastic injection molded parts. 
2. To develop a statistical model for prediction of shrinkage of Polystyrene material using 
Design of Experiments (DOE). 
3. To verify and generalize the statistical model for all plastic materials. 
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1.4 Objective of the study 
The purpose of this study is to investigate the relationship between processing 
parameters and shrinkage and to identify and verify the optimal process conditions using 
DOE. This study also accounts for the interaction among the processing parameters. A 
multiple regression model that identifies the shrinkage in injection molded parts is sought. 
This study can also be utilized as an example to the injection molding industry as an 
efficient and effective way to achieve dimensional control of plastic injection molded parts. 
1.5 Assumptions of the study 
1. It is assumed that there is no day-to-day variation in sample collection, i.e. the 
fluctuations of the machine settings did not cause any significant variation to the results. 
2. The specimens were conditioned in the testing room for a week before measurements 
were taken and it is assumed that the results were not significantly affected by the 
change in environment. 
3. It is assumed that no variation is caused by extraneous factors that might have occurred 
during the time span between measurements. 
1.6 Limitations of the study 
1. All factors other than the melt temperature, mold temperature, and holding pressure 
were fixed at the optimal level (least shrinkage) thus reducing the amount of 
information gained on these factors. 
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2. The number of runs for Acrylonitrile Butadiene Styrene (ABS) and Polypropylene (PP) 
were restricted to seven each thus limiting the amount of information gained on the 
shrinkage of these materials. 
1. 7 Procedure of the study 
1. Review literature to identify the independent processing parameters. 
2. Identify machine and auxiliary equipment necessary to conduct the experimentation. 
3. Obtain materials for the experimental runs. 
4. Find a general process window with the help of Dr. C-Mold. 
5. Identify the number of levels of settings for each independent factor. 
6. Perform the required amount of experimental runs. 
7. Wait a week for the molecules in Polystyrene to set. 
8. Measure the shrinkage of the parts. 
9. Analyze the data using orthogonal arrays. 
10. Develop a model for predicting shrinkage. 
11. Identify significant factors affecting shrinkage. 
12. Verify the shrinkage model. 
13. Generalize the model for all plastic materials. 
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1.8 Organization of the thesis 
This thesis is arranged in three parts. The first part includes the first three chapters, 
in which background information of the study and methodologies employed in the study are 
presented. The second part consists of an article to be submitted for publication. This article 
presents findings in the study as well as how the study was conducted. The third part is the 
conclusion of the study. 
Chapter 1 is the present chapter, which provides background information of this study, the 
objectives of the study and the organization of this thesis. 
Chapter 2 reviews past research work with respect to the injection molding process, 
processing parameters, shrinkage and design of experiments. 
Chapter 3 includes methodologies applied in this study, which include materials, 
experimental setup, experimental design, multiple regression analysis, model verification 
and validation 
Chapter 4 is an article to be submitted that discusses the development of a regression-based 
model for shrinkage prediction. 
Chapter 5 concludes the whole study, states the limitations and makes suggestions for 
further study. 
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CHAPTER 2. LITERATURE REVIEW 
The literature review will be divided into sections featuring topics relevant to the 
research effort. The first topic deals with the material used for the study and the properties 
of plastic materials. This is followed by a description of the injection molding process. The 
third section deals with the processing parameters in the injection molding process. The 
next section covers a review of the shrinkage issues related to plastic injection molded 
parts. Finally, a review of Design of Experiments precedes the summary. 
2.1 Properties of plastic materials 
2.1.1 Polymers 
The word polymer comes from the Greek words polus (many) and meros (parts). 
Therefore, polymers are large molecules composed of small, simple chemical units called 
the mers. Polymers are generally classified into Thermoplastics, Thermosets and 
Elastomers depending on the molecular bonding. Thermoplastics are linear or branched 
polymer materials that " soften " when heated, and " resolidify " when cooled (Malloy, 
1994). Thermosets and elastomers, on the other hand, have cross-linked molecular 
structures which, once set, cannot be broken without destroying the polymer. This study 
makes use of polystyrene (PS), acrylonitrile butadiene styrene (ABS), and polypropylene 
(PP), all thermoplastic materials. 
9 
2.1.2 Thermoplastic materials 
Thermoplastics can be further divided into two subgroups, amorphous and semi-
crystalline. Amorphous polymers consist of polymer molecules that are randomly arranged. 
Due to this random arrangement, the amorphous materials allow light to penetrate through 
it thus providing high optical clarity. All thermoplastic materials become amorphous on 
being heated to the molten state. A naturally amorphous material will occupy almost the 
same volume in the liquid state as it would in the solid state. This results in less shrinkage 
in case of amorphous thermoplastics. 
Semi-crystalline thermoplastics can form ordered molecular arrangements. These 
ordered arrangements are crystals that form as the thermoplastic cools from the molten state 
(Malloy, 1994). These materials are usually translucent or opaque. Since these 
thermoplastics transform to amorphous state when heated and when cooled have a semi-
crystalline structure, a difference in volume is created, which results in high shrinkage in 
semi-crystalline thermoplastics. 
This study makes use of PS and ABS, which are amorphous thermoplastics and PP, 
a semi-crystalline thermoplastic. 
Polystyrene 
Polystyrene is an amorphous thermoplastic, which is widely used in industry today. 
It became commercially available in 1925 (Richardson, and Lokensgard, 1997). Generally, 
polystyrene requires very little energy for fabrication (Brighton, Pritchard, and Skinner, 
1979). Because of its low cost and dimensional stability, it has found many applications in 
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injection molding. Some of the applications include bottles, cups, packaging, toys, storm 
windows, medical wares, housewares, and housings for electrical components. 
General purpose polystyrene is generally brittle, but possesses good rigidity and optical 
clarity. Also Svec, Rosie, Horak, and Vecerka state: 
Polystyrene molecules have a tendency to become oriented in the direction of flow, 
during forming of the melt, and anisotropic molecular structures are formed with 
various degrees of orientation of the macromolecules, leading to different properties 
in different directions (Svec, Rosie, Horak, and Vecerka, 1989, p.51). 
Acrylonitrile butadiene styrene (ABS) 
Acrylonitrile butadiene styrene is a copolymer of acrylonitrile, butadiene, and 
styrene. ABS is an amorphous thermoplastic, first manufactured in the 1950s. Acrylnitrile 
contributes the thermal and chemical resistance, while the rubberlike butadiene gives 
ductility and impact strength (Basdekis, 1964). Styrene produces the glossy surface and 
makes the material easily machinable and less expensive. 
ABS can be given a range of properties, depending on the ratio of the monomeric 
constituents and the molecular level connectivity. Typically, a styrene-acrylonitrile glassy 
phase is toughened by an amorphous butadiene/butadiene-acrylonitrile rubber phase. 
Generally, ABS also has good impact strength at low temperatures. It has satisfactory 
stiffness and dimensional stability, glossy surface and is easy to machine. If UV-stabilizers 
are added, ABS is suitable for outdoor applications. ABS is a hygroscopic material and 
should be dried before processing. 
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Polypropylene (PP) 
Polypropylene is a semi-crystalline thermoplastic. Polypropylene offers a 
combination of lightness, rigidity, toughness, heat resistance, chemical resistance and high 
surface gloss. This combination of properties rates the material suitable for the production 
of a wide range of articles from housewares and industrial moldings to fiber fabrics and 
clear packaging film. 
Although largely chemically unreactive, the presence of methyl groups makes it 
slightly more susceptible to attack by strong oxidizing agents (Frank, 1968). A major 
advantage is its higher temperature resistance. PP is a translucent material with excellent 
mechanical properties and it has gradually replaced polyethylene for many purposes. 
2.2 Injection molding process 
Injection molding is a process in which a plastic material is fed into the machine in 
solid form where it is heated until it melts (plasticizes) and is then forced under pressure 
into a mold. In the mold, it cools and hardens before being ejected from the mold and the 
cycle can then be repeated. The machine layout is as shown in Figure 2.1. The two essential 
components of an injection molding machine are the injection unit and the clamping unit. 
The injection unit carries out the functions of accepting plastic pellets, heating and 
plasticizing them, injecting the melt into the mold cavity, and keeping it under pressure. 
The clamping unit provides the motion and the forces needed for the closing, clamping and 
opening of the mold. A detailed description of the injection molding process is necessary 
before dealing with the individual aspects of the injection molding cycle. 
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The operating cycle (Figure 2.2) of an injection molding machine consists of: 
1. Injection/Filling phase: The injection phase starts at the point when material is 
pushed into the mold and ends when the mold is completely filled. Before the start 
of the injection phase, the plastic material is fed in the form of pellets into the barrel 
through the hopper. The screw takes in the material and conveys it to the screw tip. 
As the material is conveyed to the screw tip, shear forces and heat transfer from the 
barrel causes a largely homogeneous heating of the material. The conveying action 
of the screw builds up pressure in front of the screw tip, which in turn pushes back 
the screw. The rotation of the screw results in a continuous rearrangement of the 
plastic particles in the flights of the screw, transforming the plastic from the solid 
state to the molten state. 
After a sufficient amount of material has been collected between the screw 
tip and the nozzle, the nozzle is pressed against the sprue section of the mold that is 
already in a clamped position. A sudden pressure surge pushes the screw forward 
and injects the melt into the mold cavity. As the melt enters the cavity, the outer 
layer of the melt in contact with the walls of the cavity begins to solidify. Therefore, 
the part is essentially composed of layers of melt with different molecular 
orientation that could manifest themselves as residual stress. The injection phase is 
usually the shortest phase of the operating cycle. The machine design determines the 
minimum time taken for the injection phase, but it is possible to increase the time if 
needed. 
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Mold closes. 
Screw begins moving 
forward for injection 
Filling completes. 
Screw continues moving 
forward for packing. 
Screw in full forward position. 
Packing completes when gate freezes off 
Cooling continues. 
Screwback begins to accumulate melt 
ahead of screw tip for next shot. 
Cooling completes. 
Mold opens for part ejection. 
Figure 2.2 Basic injection molding operation cycle (C-Mold Design Guide, Advanced 
CAE Technology, Inc., 1998, p.176). 
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3. Holding/Packing phase: The holding phase begins immediately after the injection 
phase, i.e. after the mold has been completely filled. As the melt flows into the cavity, it 
solidifies resulting in a decrease in volume. The holding phase allows more material to 
enter the mold before the gate freezes. The length of time required depends on the 
properties of the material being molded. The main area of concern in this phase is the 
shrinkage of the part. 
4. Cooling time: After the holding phase is over, the screw rotates back, and takes in more 
material for the next shot. The cooling time starts as soon as the holding phase ends. As 
the material is cooled inside the mold, it solidifies thus leading to shrinkage. The 
temperature of the mold also affects the cooling rate. Also, a semi-crystalline material, 
when solidified, will return from its amorphous state to a semi-crystalline state. This 
can cause residual stress molded into the part, which could result in warpage of the part. 
The cooling time depends on the type of material used and the cavity thickness. 
5. Mold opening, Part ejection and Mold closing: The mold then opens and the part is 
ejected, after which the mold closes again for the next cycle to begin. Adequate time 
must be allowed for the ejection of the part from the mold. This time depends on the 
part dimensions. Also, the ejection pressure must be set appropriately so as not to break 
the part. 
The molding produced can consist of multiple parts connected to a runner system 
(multi-cavity molds) by gates. A gate is a reduction in the cross-sectional area of the runner 
providing restriction in the flow path. 
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---- · ---2-.3-Processing .parameters in the injection m.olding process 
With injection molding process being complex, the number of processing 
parameters is too vast to discuss within the limitations of this thesis. Bryce (1996) stated 
that there are more than 200 parameters that affect the injection molding process. For this 
study, the discussion is limited to three primary parameters. The three parameters were 
selected based on a study conducted on shrinkage behavior of injection molded parts by 
Chang and Faison (2001). Seven different variables, namely holding pressure, holding time, 
mold temperature, injection pressure, melt temperature, back pressure and cooling time 
were used in the study to find out which factors affected shrinkage and mechanical 
properties of injection molded parts. Only the three parameters - melt temperature, mold 
temperature and holding pressure had an effect on the shrinkage of polystyrene injection 
molded parts. 
2.3.1 Melt temperature 
The melt temperature is the temperature of the polymer melt as it leaves the nozzle 
of the barrel. There are three heating zones located on the barrel, resulting in a gradual 
increase in temperature from the hopper to the nozzle. Further, the reciprocating process of 
the screw inside the barrel creates a shear force creating friction that assists in the increase 
of the temperature of the polymer melt. The melt temperature is a very important parameter 
in injection molding. Melt temperature will have a direct effect on the resin or polymer. 
Also, melt temperature will affect the viscosity, orientation, pressure, cooling time and 
other variables. These could affect the density, strength, and flashing of injection molded 
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parts. Melt temperature is also an important parameter for shrinkage determination. Higher 
melt temperatures will degrade the polymer weakening the polymer chains. 
Gipson, Grelle and Salamon state: 
The lower shrinkage observed at higher melt temperatures is likely due to a 
combination of better packing conditions, including the longer time to gate seal, 
decreased viscosity, increased pressure, and increased crystallinity prior to gate 
freeze. (Gipson, Grelle, and Salamon, 1999, p.120) 
2.3.2 Mold temperature 
Mold temperature is a key factor in injection molding. Circulating heated or cooled 
water through the plates of the mold halves controls the temperature of the mold. Mold 
temperature will generally determine how the plastic melt will flow after it leaves the 
nozzle. The mold temperature will have a major effect on warpage of injection molded 
parts. Mold temperatures will also affect the shrinkage in molded parts. According to Bain, 
Janicki, Ulmer, and Thomas (1992), a lower mold temperature resulted in higher shrinkage 
in the injection molded parts. 
2.3.3 Holding pressure 
Holding pressure, often termed as packing phase or second stage injection, is the 
pressure transferred from the front of the screw throughout the cavity of the mold once the 
mold is filled. At the beginning of the packing phase, the mold is completely filled. The 
function of holding pressure is to keep the polymer melt in the mold until the melt 
solidifies. Further, the holding pressure is used to compensate for the shrinkage that will 
occur in the mold cavity. Holding pressure affects the dimensional properties of the 
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injection molded part. This will have an effect on the density and shrinkage of the part. 
According to Jansen, Van Dijk and Husselman: 
Holding pressure is by far the most important parameter affecting shrinkage. A 
higher holding pressure setting decreases part shrinkage in all directions. (Jansen, 
Van Dijk, and Husselman, 1998, p.838) 
2.4 Shrinkage 
Injection molding is widely used in manufacturing throughout the world, and its 
importance is still growing steadily. Thus, there is a need for production without deviations 
to ensure consistent, high quality products to be competitive in the market. Shrinkage is one 
of the important factors determining the quality of plastic injection molded parts as it has a 
direct effect on the final dimensions of the parts. 
There are different types of shrinkage that should be explained. According to 
Jansen, Van Dijk and Husselman: 
In general, we may discern three types of shrinkage in injection molding: in-mold 
shrinkage ( shrinkage during processing which may show up in extreme cases), as-
molded shrinkage (the shrinkage just after mold opening, sometimes referred to as 
"mold shrinkage") and post-shrinkage (time effects· during storage as physical aging, 
recrystallization, etc.). (Jansen, Dijk, and Husselman, 1998, p.838) 
Many studies have been conducted to understand shrinkage, the cause and ways to 
reduce it. Mamat, Trochu, and Sanschagrin explain: 
Shrinkage is a characteristic of polymers and results both from thermal contraction 
when the melt is cooling and from the volume change due to the crystallization of 
thermoplastic resins. Although shrinkage is essentially the result of the two above-
mentioned factors, several other parameters can produce volumetric changes such as 
material characteristics, part and mold geometries, and molding conditions. (Mamat, 
Trochu, and Sanschagrin, 1995, p.1511) 
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Therefore, it is clear that shrinkage can be caused by many factors, so a proper 
evaluation of shrinkage is necessary. As Larrivee and Coope state: 
The molding process can influence the shrinkage behavior of molded thermoplastic 
materials. An evaluation procedure is needed to more accurately describe the shrinkage 
behavior of polymeric materials for injection molding. The maximum cavity pressures, 
part temperatures upon ejection and thickness variations are shown to affect part 
shrinkage. (Larrivee, and Coope, 1990, p. C-1) 
Also to be noted is the fact that the shrinkage is not uniform in all directions. 
According to Thomas and McCaffery: 
The simple magnitude of shrinkage is in itself of far less importance for warpage 
predictions than the differential in shrinkage. This is either from region to region of 
the molding, differences between shrinkage parallel and perpendicular to the 
orientation of the material or the difference from one side of the product to the other. 
(Thomas and McCaffery, 1989, p.371) 
The usual practice is to estimate shrinkage from data as published by the raw 
material suppliers or from past molding experience. The shrinkage values available in 
handbooks do not give all the information needed by molders. Usually, shrinkage data are 
given only in the longitudinal direction. Therefore developing a prediction model for 
shrinkage would be of great importance not only for molders, but also for a better control of 
processmg. This necessitates the use of a planned experiment, which may lead to 
optimization and accurate prediction of shrinkage. 
Sanschagrin, Girard, Salloum, and Hebert (1986) developed a shrinkage model by 
regression analysis based on the molding conditions and part geometry for a specific resin. 
Esposito, Yang, Toney, and Haertel (1992) compared a composite experimental design and 
a full factorial experimental design for shrinkage of nylon 6 monofilament. It was found 
that R2 for the full factorial design for shrinkage was 0.958 while that for the composite 
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· design was 0. 788. The present study uses multiple regression analysis with a full factorial 
experimental design. 
2.5 Experimental design 
In today's fast paced and competitive injection molding industry, lower cost, higher 
quality items will quickly surpass poor quality products. It is imperative that the product be 
made right the first time, using the lowest cost raw materials with the most cost effective 
techniques. The product quality of injection molded parts is the result of a complex 
combination of the material used, the part and mold designs, and the process conditions 
used to manufacture them. As Dillman, Howe, and Robar state: 
The injection molding process, while simple in concept, is extraordinarily complex 
in execution. Typical injection molding machines have more than a dozen adjustable 
parameters all of which affect the quality of the finished part, the cycle time, or 
both, and many of which interact with one another in sometimes subtle ways. 
(Dillman, Howe, and Robar, 1996, p.754) 
A designed experiment is the simultaneous evaluation of two or more factors 
(parameters) for their ability to affect the resultant average or variability of particular 
product or process characteristics (Ross, 1996). Thus the injection molding process is 
particularly suited to DOE techniques due to large number of control factors and their 
interactions with one another. Interactive factors are those that, when adjusted 
simultaneously, produce results different from those produced when factors are adjusted 
individually. Therefore one factor at a time experimentation is inaccurate as well as 
inefficient because many of the factors in the injection molding process may have 
interactions between them. As Kyle explains: 
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Classical problem solving techniques start with the "change one factor at a time" 
while keeping all other variables constant. This is time consuming, costly and 
inefficient. This method doesn't produce consistent results because all attention is 
focused on one variable and not on its relationship with all other process variables. 
(Kyle, 1990, p.343) 
Traditionally, molding personnel might take a period of time in molding trial runs in 
order to determine the proper molding parameters for producing good quality parts. The 
length of time is in many cases dependent on the experience of the molding personnel. 
According to Burditt and Dean: 
A serious drawback of manual method of setting molding conditions occurs when 
considerable adjustments have been made and still the parts are not good enough. 
Experienced molders will change two or more conditions simultaneously. This can 
work well by providing a quick and easy way to mold good parts. However, in those 
few cases where this technique does not work, there is a very serious problem 
because the molder has used no systematic method. Consequently, he does not know 
the effects of the variables and eventually he finds himself trying "just one more" 
change without really knowing what he is doing. (Burditt and Dean, 1987, p.313) 
There are three levels of process development in a product design cycle. The first 
step is system design. This is the stage where a basic prototype design is developed to 
achieve a desired function based on prior knowledge of a process. In the case of injection 
molding, this is when a part and mold have been designed and nominal processing 
conditions have been determined. In this study, this step is assumed to be completed. The 
second step is parameter design. This step determines what processing parameters affect 
mean and variation when the control factors vary widely. This is the step that is addressed 
in this study. The third step is tolerance design when low cost tolerances are determined. 
The statistical design of experiments can guide us in deciding what data and how 
much data should be collected to understand variability of the injection molding process 
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and help identify ways to control it. Proper use of designed experiments can uncover subtle 
interactions between process variables, which may be difficult or impossible to uncover 
through trial and error. Experimental designs are used to identify or screen important 
factors affecting a process, and to develop empirical models of processes. Design of 
experiment techniques will make it possible to learn about process behavior by running a 
series of experiments, where a maximum amount of information will be learned in a 
minimum number of runs. As Snee, Hare, and Trout state: 
The power of experimental design technology stems from the efficiencies that it 
affords. This framework allows us to measure the simultaneous effects of many 
factors ( or variables) as they act independently or in concert. Thus, one planned 
experiment, incorporating many factors, can give much more information than 
many, many small experiments that study these same factors individually. (Snee, 
Hare, and Trout, 1985, p.71) 
Furthermore, designed experiments can result in a model of the process that allows 
the prediction of part characteristics as a function of process conditions. Such a model can 
then be used to find the optimal conditions. Unfortunately, as with any powerful tool 
improper use of experimental design can be frustrating and ineffective. 
This study uses a designed experiment with a 27 run full factorial orthogonal array 
with three factors (melt temperature, mold temperature, and hold pressure), each at three 
levels and twenty-seven runs. This study also uses the Taguchi method for further analysis 
of the shrinkage data and multiple regression modeling for predicting the shrinkage of 
plastic injection molded parts. 
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Taguchi method 
The purpose of product or process development is to improve the performance 
characteristics of the product or process relative to customer needs and expectations. The 
purpose of experimentation should be to understand how to reduce and control variation of 
a product or a process; subsequently, decisions must be made concerning which parameters 
affect the performance of a product or process. The loss function quantifies the need to 
understand which design factors influence the average and variation of a performance 
characteristic of a product or process. Properly adjusting the average and reducing variation 
can minimize the product or process losses. This approach is based on the use of orthogonal 
arrays as developed by Dr. Genechi Taguchi to conduct small, highly fractional 
experiments up to larger, full-factorial experiments. The use of orthogonal arrays is just one 
method to design an experiment, but probably the most flexible in accommodating a variety 
of situations, and yet easy for non-statistically oriented people to execute on a practical 
basis (Ross, 1996). 
According to Peace (1993), Dr. Taguchi has been particularly recognized for three 
major contributions to the field of quality: 
1. The loss function: There is a cost or loss incurred for all production variation from 
the target value even if the products are within the acceptable engineering 
specification limits. 
2. Orthogonal array: Orthogonal arrays are arranged such that for each level of any 
factor, all levels of the other factors occur at an equal number of times. This 
constitutes a balanced experiment and permits the effect of one factor to be 
separated from the effects of other factors. 
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3. Robustness: Robustness is the ability of the process to produce consistently good 
products with minimal effect from changes in uncontrollable manufacturing 
influences. (Peace, 1993) 
Multiple regression analysis 
Regression analysis is one of the widely used statistical techniques, which is used in 
almost every field of application (Ryan, 1997). Regression can be used to predict the value 
of a dependent variable from knowledge of the values of one or more independent 
variables. Duncan explains: 
Regression analysis estimates or predicts the scores of one variable ( called the 
criterion or the dependent variable) from one or more other variables ( called 
predictors or independent variables). In order to predict the criterion, the criterion is 
related to or regressed onto the predictor(s). Simple or bivariate regression involves 
one predictor whereas multiple regression uses two or more predictors. (Duncan, 
1997, p.301) 
Hence, multiple regression can be used to make predictions about multiple values. 
Use of multiple regression involves the estimating of the relationship among the values in 
the form of an equation. The main advantage of multiple regression analysis is that it allows 
the use of quadratic terms as well as interaction terms as predictor variables to give a clear 
picture of the manner in which the variables affect the process. 
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2.6 Summary of the literature review 
The review of literature has provided an understanding of the concepts necessary to 
conduct this study. The literature review has given an insight into the injection molding 
industry, the process and the complexities involved. Quality issues were also dealt with and 
shrinkage was identified as a primary quality concern for injection molding. The use of 
experimental design was shown to be a highly effective methodology for shrinkage 
prediction and process optimization. The review of the injection molding parameters has 
provided information about the effects of each on part quality. 
The literature review suggests that this study will be effective in obtaining the 
results desired. These results are to determine the prediction equation for shrinkage and also 
for process optimization. 
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CHAPTER3.METHODOLOGY 
3.1 Selection of material and equipment 
The materials selected for the study are listed in Table 3 .1. These materials chosen 
range in characteristics from amorphous to semi-crystalline structures. It is the opinion of 
this author that the differences in the materials would result in a robust experiment and also 
validate the analysis made in the study. Dave Elbert, Senior Account Manager of Prime 
Alliance Inc. donated the materials. 
Trade Names 
BASF's PS 2124 
Bayer Corp.'s Lustran 448 
Rexene PP 11S12A 
Table 3 .1. Materials used for the study 
Polymer 
General purpose polystyrene (GPS) 
Acrylonitrile butadiene styrene (ABS) 
Polypropylene (PP) 
Melt Index 
8.00 g/l0min 
4.50 g/l0min 
12.00 g/l0min 
The equipment used for the experiment was a Boy 22M injection molding machine 
with a PROCAN closed-loop microprocessor control system and a mold temperature 
controller (Model 4410-C of Sterling, Inc.). A four-cavity T style MUD Quick Change 
Insert Mold (Master Precision Molds, Inc.) was used to generate rectangular bars for 
shrinkage measurement as recommended in ASTM D955. The four-cavity mold as shown 
in Figure 3 .1 was equipped with shut-off valves to selectively use certain runner sections 
and cavities. A Fisher Isotherm oven was used to dry the ABS material prior to processing. 
The analysis was conducted using Micro VAL, a co-ordinate measuring machine ( CMM) 
with an accuracy of _±0.00001 inch. 
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Figure 3 .1 4-cavity mold. Cavity A is for tensile samples and cavity B for shrinkage 
samples. The dash-lined circles represent the shut-off valves 
Analysis of the results was carried out in Microsoft (MS) Excel, WinRobust Lite™, 
and Engineering Equation Solver. 
3.2 Shrinkage measurement 
Shrinkage can be defined as the difference between the dimensions of a specimen 
and the mold cavity that it was molded from (ASTM 955, 1992). For the study, both along-
the-flow and across-the-flow shrinkage were considered. Along-the-flow shrinkage is the 
shrinkage that occurs parallel to the direction of the melt flow and across-the-flow 
shrinkage occurs perpendicular to the melt flow inside the mold cavity. Figure 3.2 
illustrates how shrinkage was measured in both directions from a rectangular bar specimen. 
The relative shrinkage was calculated using the following equation: 
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where S= Shrinkage, 
Dm = mold dimension and, 
Dp= part dimension 
Across flow 
Along flow 
------ 5· ------i 
Figure 3 .2. Shrinkage measurement on both directions from the rectangular sample 
The samples were stored for a week before measurements were taken to ensure that 
stable conditions were reached i.e. to account for the post-shrinkage. The dimensions were 
taken for each specimen using Micro Val, a Coordinate Measuring Machine with an 
accuracy of± 0.00001 in. Precision measurements in a three dimensional Cartesian co-
ordinate space can be made with coordinate measuring machine of the design shown in 
figure 3 .3. The vertical column rides on a bridge beam and carries touch-trigger probe. 
Touching the probe to the surface generates an accurate measurement. 
The dimension of the mold cavity is fixed and already specified as: 
Length= 5 in. and Width= 0.503 in. 
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y 
Figure 3 .3. Coordinate measuring machine showing probe and a part being measured. 
(Degarmo, Black, and Kohser, 1984) 
The data for polystyrene was collected and arranged as shown in Appendix A. The 
average of the five shrinkage values for each run was taken to ensure that the injection 
molding machine produced consistent good quality parts. Appendix B. shows the modified 
data used for the analysis. 
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3.3 General experimental procedures 
3.3.1 Experimental design 
The first step in the experimental design process was to set up an optimal process 
window by inputting resin, machine, and part geometry information into Dr. C Mold 98.6 
software package from Advanced CAB Technology (Appendix D). Several injection trials 
were run according to the optimal process window prior to actual experiments to ensure 
products of good quality. This window then served as a reference for setting the 
experimental design array. A 27 run full factorial orthogonal array was used for finding the 
prediction equations for shrinkage along-the-flow and across-the-flow directions. Three 
factors at three levels were chosen for the study. The significant factors were identified 
using the following steps: 
1. Literature review 
2. Brainstorming 
3. Selection of process variables 
4. Specifying the levels and settings of the parameters 
The three factors chosen for this study were as follows: melt temperature, mold 
temperature, and hold pressure. The settings for each factor was based on the extreme 
values from the process window obtained from the Dr. C-Mold software and the trial and 
error runs. Trial and error runs consisted of setting the machine at the extreme conditions 
and modifying steps to ensure production of good parts at all settings within the 
experimental space. 
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3.3.2 Data collection 
A full factorial orthogonal array of 27 runs was used for three factors and three 
levels for each factor. The factors used for the study were meit temperature, mold 
temperature and holding pressure. The levels and assigned values are as shown in Table 
3 .2. The full factorial array is as shown in Table 3 .3. 
Table 3.2. The three factors under consideration and their levels for PS 
Parameter Level Setting for GPS 
Melt temperature 1 425 
(OF) 2 472 
3 519 
Mold temperature 1 82 
(OF) 2 113 
3 144 
Holding pressure 1 250 
(psi) 2 325 
3 400 
During experimentation, the injection molding machine was allowed to stabilize for 
at least half an hour for each processing condition. The first fifteen samples of each run 
were rejected to make sure that stable operating conditions were reached. Five samples 
were then collected for each run. They were sequentially numbered and then stored in 
plastic bags for storage. As in accordance with ASTM D 955 the specimens were allowed 
to rest for a period of at least 48 hours before actual measurements were taken. Then 
shrinkage along-the-flow and across-the-flow were measured as discussed earlier. Other 
factors for PS were fixed as shown in Appendix C. 
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Table 3.3. A 27 run full factorial orthogonal array with 3 factors at 3 levels each 
A B C 
Run Melt temp. Mold temp. Holding Pressure 
1 
2 2 
3 1 1 3 
4 2 1 
5 2 2 
6 1 2 3 
7 1 3 1 
8 1 3 2 
9 1 3 3 
10 2 1 1 
11 2 2 
12 2 1 3 
13 2 2 1 
14 2 2 2 
15 2 2 3 
16 2 3 1 
17 2 3 2 
18 2 3 3 
19 3 1 1 
20 3 2 
21 3 1 3 
22 3 2 1 
23 3 2 2 
24 3 2 3 
25 3 3 1 
26 3 3 2 
27 3 3 3 
3.4 Multiple-regression-based modeling 
Multiple regression analysis was applied in the study to seek the relationship 
between shrinkage and processing parameters. The goal was to determine the dependency 
of shrinkage on the processing parameters under consideration. In addition to the main 
effects of these variables, their interactions were included in the analysis. The model was 
expressed as: 
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R =ho+ b1A + b2B + b3C + b12AB + b13AC + b23BC + b11AA + b22BB + b33CC + b123ABC 
...... (1) 
where R - shrinkage 
A - melt temperature 
B - mold temperature 
C - holding pressure 
b - linear constants 
Research hypothesis 
With the significance level set to 0.05 ( a = 0.05), the null hypothesis and alternative 
hypothesis for the model were: 
Ha: at least one of the bs do~s not equal zero. 
Any statistical software package can be used for the regression analysis. A MS 
Excel sheet was used in this study. Two data sets, for along-the-flow and across-the-flow, 
were applied to the model in equation 1 to obtain two resulted models, Rl and R2. For the 
involvement of the interactive predictor variables, a total of ten predictor variables were 
used in the model, as shown in equation 1. The factor levels were centered as shown in 
Table 3.4. 
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Table 3.4. Centered factor levels 
A B C 
Run Melt temp. Mold temp. Holding Pressure 
-47 -31 -75 
2 -47 -31 0 
3 -47 -31 75 
4 -47 0 -75 
5 -47 0 0 
6 -47 0 75 
7 -47 31 -75 
8 -47 31 0 
9 -47 31 75 
10 0 -31 -75 
11 0 -31 0 
12 0 -31 75 
13 0 0 -75 
14 0 0 0 
15 0 0 75 
16 0 31 -75 
17 0 31 0 
18 0 31 75 
19 47 -31 -75 
20 47 -31 0 
21 47 -31 75 
22 47 0 -75 
23 47 0 0 
24 47 0 75 
25 47 31 -75 
26 47 31 0 
27 47 31 75 
3.5 Taguchi analysis 
The Taguchi method was used for studying the effects of the various processing 
conditions on the properties of injection molded parts. Taguchi parameter design is L27 
array and the set-up is shown in Table 3.5. The L27 array was used as we already had the 
data for the 27 runs and also because it takes into consideration the interaction effects of the 
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factors used in the study. Three factors that included melt temperature, mold temperature, 
and holding pressure were used in this table. 
Table 3.5. L27 orthogonal array with 3 factors and their interactions 
1 (A) 2 (B) 3 4 5 (C) 6 7 8 9 10 11 12 13 
Run Melt Mold Hold 
temp. temp. press. 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 
2 1 1 1 1 2 2 2 2 2 2 2 2 2 
3 1 1 1 1 3 3 3 3 3 3 3 3 3 
4 1 2 2 2 1 1 1 2 2 2 3 3 3 
5 1 2 2 2 2 2 2 3 3 3 1 1 1 
6 1 2 2 2 3 3 3 1 1 1 2 2 2 
7 1 3 3 3 1 1 1 3 3 3 2 2 2 
8 1 3 3 3 2 2 2 1 1 1 3 3 3 
9 1 3 3 3 3 3 3 2 2 2 1 1 1 
10 2 1 2 3 1 2 3 1 2 3 1 2 3 
11 2 1 2 3 2 3 1 2 3 1 2 3 1 
12 2 1 2 3 3 1 2 3 1 2 3 1 2 
13 2 2 3 1 1 2 3 2 3 1 3 1 2 
14 2 2 3 1 2 3 1 3 1 2 1 2 3 
15 2 2 3 1 3 1 2 1 2 3 2 3 1 
16 2 3 1 2 1 2 3 3 1 2 2 3 1 
17 2 3 1 2 2 3 1 1 2 3 3 1 2 
18 2 3 1 2 3 1 2 2 3 1 1 2 3 
19 3 1 3 2 1 3 2 1 3 2 1 3 2 
20 3 1 3 2 2 1 3 2 1 3 2 1 3 
21 3 1 3 2 3 2 1 3 2 1 3 2 1 
22 3 2 1 3 1 3 2 2 1 3 3 2 1 
23 3 2 1 3 2 1 3 3 2 1 1 3 2 
24 3 2 1 3 3 2 1 1 3 2 2 1 3 
25 3 3 2 1 1 3 2 3 2 1 2 1 3 
26 3 3 2 1 2 1 3 1 3 2 3 2 1 
27 3 3 2 1 3 2 1 2 1 3 1 3 2 
The WinR.obust Lite software (Fowlkes and Creveling, 1995) was used for analysis 
of the results using Taguchi method. The values from the shrinkage measurements were 
used as an input to the software. The type of quality loss function was chosen as smaller the 
better (Fowlkes and Creveling, 1995) for shrinkage. The software can assign the factors and 
their corresponding levels to orthogonal arrays, calculate the signal to noise ratios, perform 
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analysis of variance, produce the factor effects in tabular and graphical formats, and also 
predict the optimal processing conditions based on the signal to noise ratios. 
3.6 Verification and validation 
Only five of the ten processing variables (A, B, C, AA, BC) were found to be 
significant at the 95% significance level. The regression analysis was carried out for only 
these variables and the square values of the regression coefficients were 94.86% and 
93.86%, for along-the-flow and across-the-flow respectively. The regression analysis 
outputs are shown in appendix D. 
The verification of the above equations was done in two steps: 
1. Three runs were selected at random points within the acceptable region and the 
shrinkage values were compared with the predicted values. The differences between 
the actual and predicted values were calculated and verification was made to ensure 
that the predicted values are close to the measured values. 
2. Two different materials were used to generalize the equations. ABS was used to 
generalize the equations for all amorphous thermoplastics and PP was used to 
generalize the equation for all thermoplastic materials. Only the five significant 
variables were used for this step. 
3.6.1 Verification with PS 
The three points chosen for verification are shown in Table 3.6. Five samples were 
collected for each run and the shrinkage measurements were taken. The measured values 
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were compared with the predicted values from the equations and the difference between the 
two was calculated as shown in Table 3. 7. 
Table 3.6. Verification runs for PS 
Run Melt temperature Mold temperature Hold pressure 
(OF) (OF) (psi) 
1 450 100 275 
2 472 113 325 
3 500 130 360 
Table 3. 7. Comparison of predicted and measured values for PS verification runs 
Runs Along the flow Across the flow 
Predicted Measured Difference Predicted Measured Difference 
(x 10-4) (x 10-4) (%) (x 10-4) (x 10-4) (%) 
1 76.712 76.472 0.314 139.107 139.364 0.184 
2 68.212 68.864 0.947 132.229 131.054 0.897 
3 63.313 63.052 0.413 126.583 127.793 0.947 
3.6.2 Verification with ABS 
The next step was to generalize the equations for all amorphous thermoplastics. 
Acrylonitrile butadiene styrene was used for this purpose. Five variables were chosen from 
the PS results namely A, B, C, AA and BC. Seven runs were chosen as shown in Table 3.8. 
The levels for the processing parameters were obtained from a previous study conducted by 
Chang and Faison (2001) on shrinkage behavior of injection molded parts and the Dr. C-
Mold plots as shown in appendix D. The samples were collected in the same method as 
before. The shrinkage values were recorded and 6 simultaneous equations were formed by 
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substituting the values in equation 2 below using the shrinkage values and the operating 
parameters as the known variables and the constants as the unknown variables . 
........... (2) 
Table 3.8. Verification runs for ABS 
Runs Melt temperature Mold temperature Hold pressure 
(OF) (OF) (psi) 
1 425 110 100 
2 485 110 400 
3 455 125 400 
4 455 125 250 
5 425 125 250 
6 425 140 100 
7 485 140 400 
One run was kept for verification of the final equation for ABS. The data were used 
in the Engineering Equation Solver (Klein, and Alvarado, 2000) for both along-the-flow 
and across-the-flow case. The results for the constants are as shown in Table 3.9. The 
verification for the equations was done using the values obtained from the seventh run. 
Table 3.9. Constants for ABS shrinkage prediction equations 
Constants Along-the-flow Across-the-flow 
ho 3917 5980 
b1 -16.54 -26.09 
b2 -0.3083 -0.1648 
b3 -0.1041 -0.2658 
b11 0.01795 0.02909 
b23 0.000768 0.001741 
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3.6.3 Verification with PP 
PP was used for further verification of the equations to generalize them for all 
thermoplastic materials. The seven runs are as shown in Table 3.10 and the constants are as 
indicated in Table 3 .11. The levels for the processing parameters were obtained from the 
Dr. C-Mold plots (appendix D) and a previous study conducted by the author and Chang 
(2000) on the effects of process conditions on the perfonnance of injection molded parts. 
The verification for the equations were carried out using the values obtained from the 
seventh run. 
Table 3.10. Verification runs for PP 
Runs Melt temperature Mold temperature Hold pressure 
(OF) (OF) (psi) 
1 484 114 154 
2 530 114 250 
3 507 137 250 
4 507 137 202 
5 484 137 202 
6 484 160 154 
7 530 160 250 
Table 3.11. Constants for PP shrinkage prediction equations 
Constants Along-the-flow Across-the-flow 
ho 5355 3727 
b1 -19.22 -12.2 
b2 -0.9001 -1.031 
b3 -0.7859 -1.008 
b11 0.01846 0.01133 
b23 0.004145 0.005015 
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CHAPTER 4. AN EXPERIMENTAL DESIGN APPROACH 
FOR PREDICTING SHRINKAGE OF PLASTIC INJECTION 
MOLDED PARTS 
To be submitted to the Journal of Polymer Engineering and Science 
Ananth U. Gadiyar and Tao C. Chang 
4.1 Abstract 
The ability to produce complex and discrete finish parts in high production rates has 
made the injection molding process a major method in manufacturing plastic parts. The 
shrinkage behavior plays an important role in the determination of the final dimensions of 
plastic injection molded parts. In this study, the experimental design approach is used to 
study the effects of three processing parameters on the shrinkage behavior ( along-the-flow 
and across-the-flow directions) of injection molded parts. A multiple :regression model is 
set up that predicts the shrinkage in injection molded parts. In addition, the Taguchi method 
is also used for analyzing the shrinkage data. The models are verified and validated using 
two different materials, acrylonitrile butadiene styrene (ABS), an amorphous thermoplastic, 
and polypropylene (PP), a semi-crystalline thermoplastic. The study succeeded in deriving 
multiple regression models for PS injection molded parts having explained variances of 
0.959 and 0.952 respectively in the along-the-flow and across-the-flow directions. The 
difference in shrinkage between the measured and predicted values of shrinkage for ABS 
for along-the-flow case was found to be 0.64% and for across-the-flow case was found to 
be 4.9%, while for PP it was found to be 9.09% and 10.1 % respectively. This study was 
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successful in finding out the effects of the processing parameters on shrinkage behavior and 
obtaining equations for predicting shrinkage, for along-the-flow and across-the-flow, of 
plastic injection molded parts. 
4.2 Introduction 
The injection molding process is an intricate process with many variables that seem 
interdependent. Some of these variables include melt temperature, mold temperature, 
holding pressure, cavity pressure, hold time, cooling time, injection speed, injection 
pressure and part geometry. Optimization of the injection molding process is complicated, 
and is usually performed by an engineer with many years of experience. The traditional 
approach to machine input selection (tuning) in the plastics industry has been based on 
"trial and error" (Kazmer, Rowland, and Sherbelis, 1997). Quality control has become a 
major issue in manufacturing today. Close dimensional tolerances are necessary to be 
competitive in the market. This necessitates the optimization of the injection molding 
process. Trial and Error is rto longer good enough. It is time consuming and provides no 
assurance of finding the true optimal conditions (Dillman, Howe, and Robar, 1996). 
Shrinkage is one of the important factors determining the quality of plastic injection 
molded parts. Shrinkage can be defined as the difference between the dimensions of a 
specimen and the mold cavity that it was molded from (ASTM D955, 1992). Shrinkage 
generally occurs due to thermal contraction when the melt is cooling and volume change 
due to the crystallization of the thermoplastic resins (Mamat, Trochu, and Sanschagrin, 
1995). It is influenced by the materials used, processing parameters, and part and mold 
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geometries (Burke, and Kazmer, 1992). Hence, an evaluation procedure, which includes 
processing parameters, is needed to accurately describe the shrinkage behavior of polymeric 
materials (Larrivee, and Coope, 1990). Sanschagrin et al. (1986) developed a shrinkage 
model by regression analysis based on the molding conditions and part geometry for a 
specific resin. Esposito et al. (1992) compared a composite experimental design and a full 
factorial experimental design for shrinkage of nylon 6 monofilament. It was found that R2 
for the full factorial design for shrinkage was 0.958 while that for the composite design was 
0.788. 
Based on the above analysis, the purpose of this study is to investigate the 
relationship between processing parameters and shrinkage and to identify and verify 
optimal processing conditions using the experimental design approach. The present study 
uses multiple regression analysis with a full factorial experimental design. This study also 
accounts for interaction among processing parameters. A multiple regression model that 
identifies the shrinkage in injection molded parts is sought. The Taguchi method is used for 
further analysis of the shrinkage data. 
The problem of this study is threefold: 
1. To identify the significance of the effect of processing parameters and their interactions 
on shrinkage behavior of plastic injection molded parts. 
2. To develop and verify a statistical model for prediction of shrinkage of Polystyrene 
material using Design of Experiments. 
3. To verify and generalize the statistical model for all plastic materials. 
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4.3 Experimental setup 
4.3.1 Material 
Thermoplastics can be broadly divided into two types, amorphous and sem1-
crystalline. In amorphous plastics, the molecular chains have no order. The semi-crystalline 
plastics, on the other hand, take on a highly ordered structure. When melted plastics cool to 
a solid state the semi-crystalline materials shrink more than amorphous ones. This occurs 
because the crystalline regions require less volume than they did in amorphous form due to 
the closeness of the folded chains. This results in a greater shrinkage in semi-crystalline 
materials. The plastic materials used for the study were BASF Polystyrene GPS 2124 
(BASF Corporation: Melt flow 8.00 gm/10 min @ G - 200 C/5.0 kg), and Acrylonitrile 
butadiene styrene (ABS, Bayer's Corp.'s Lustran 448: Melt flow 4.5 gm/10 min.), as 
amorphous thermoplastic materials, and Polypropylene: Rexene PP 11S12A (Rexene: Melt 
flow 12.00 gm/10 min@ L - 230 C/2.16 kg) as the semi-crystalline one. 
4.3.2 Injection molding 
A four-cavity T style MUD Quick Change Insert Mold (Master Precision Molds, 
Inc.) was used to generate rectangular bars for shrinkage measurements, as recommended in 
ASTM D955. The four-cavity mold, shown in Figure 4.1, was equipped with shut-off 
valves to selectively use certain runner sections and cavities. A 22 ton injection molding 
machine (Boy 22M) with a fully closed-loop microprocessor control system along with a 
mold temperature controller (Model 4410-C of Sterling, Inc.) was used to prepare the 
samples at various processing conditions. 
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4.3.3 Experimental design 
The first step in the experimental design process was to set up an optimal process 
window by inputting resin, machine, and part geometry information into Dr. C Mold 98.6 
software package from Advanced CAB Technology. Several injection trials were run 
according to the optimal process window prior to actual experiments to ensure products of 
good quality. This window then served as a reference for setting the experimental design 
array. A full factorial orthogonal array of 27 runs was used for three factors with three 
levels for each factor. The factors used for the study were melt temperature, mold 
temperature and holding pressure. The levels and assigned values are as shown in Table 
4.1. The full factorial array is as shown in Table 4.2. 
During experimentation, the injection molding machine was allowed to stabilize for 
at least half an hour for each processing condition. The first fifteen samples of each run 
were rejected to make sure that stable operating conditions were reached. Five samples 
were then collected for each run. The samples were then stored for a week, to account for 
post-shrinkage, before actual measurements were taken. 
4.4 Measurements 
Figure 4.2 illustrates how the shrinkage along-the-flow and across-the-flow 
direction is measured from a rectangular bar. The measurements were taken for each 
specimen using MicroV AL, a CMM with an accuracy of +0.0000linch. The relative 
shrinkage was calculated by the following equation: 
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S =(Dm - Dp)/Dm X 100% 
where S= Shrinkage; Dm = mold dimension and Dp= part dimension 
4.5 Multiple-regression-based modeling 
Multiple regression analysis was applied in the study to seek the relationship 
between shrinkage and processing parameters. The goal was to determine the dependency 
of shrinkage on the processing parameters under consideration. In addition to the main 
effects of these variables, their interactions were included in the analysis. The model was 
expressed as: 
...... (1) 
where R - shrinkage 
A - melt temperature 
B - mold temperature 
C - holding pressure 
b - linear constants 
With the significance level set to 0.05 (a= 0.05), the null hypothesis and alternative 
hypothesis for the model were: 
Ho: bo = b1 = b2 = b3 = b12 = b13 = b23 = b11 = b22 = b33 = bm = 0 
Ha: at least one of the bs does not equal zero. 
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Any statistical software package can be used for the regression analysis. A MS 
Excel sheet was used in this study. Two data sets, for along-the-flow and across-the-flow, 
were applied to the model in equation 1 to obtain two resulted models, Rl and R2. A total 
of ten interactive predictor variables were used in the model, as shown in equation 1. The 
factor levels are centered as shown in Table 4.3. Also it was verified that the predictor 
variables chosen for the study are not correlated. 
4.6 Taguchi analysis 
The Taguchi method was used for studying the effects of the various processing 
conditions on the properties of injection molded parts. Taguchi parameter design is L27 
array and the set-up is shown in Table 4.4. The L27 array was used as we already had the 
data for the 27 runs, and also because it takes into consideration the interaction effects of 
the factors used in the study. Three factors that included melt temperature, mold 
temperature, and holding pressure were used in this table. 
The WinRobust Lite software (Fowlkes, and Creveling, 1995) was used for analysis 
of the results using Taguchi method. The values from the shrinkage measurements were 
used as an input to the software. The type of quality loss function was chosen as smaller the 
better (Fowlkes, and Creveling, 1995) for shrinkage. The software can assign the factors 
and their corresponding levels to orthogonal arrays, calculate the signal to noise ratios, 
perform analysis of variance, produce the factor effects in tabular and graphical formats, 
and also predict the optimal processing conditions based on the signal to noise ratios. 
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4. 7 Results and analysis 
The regression analysis was carried out for along-the-flow and across-the-flow 
shrinkage using MS Excel. As shown in Table 4.5, both models had high values ofR (0.979 
and 0.976, respectively). The R2 were 0.959 and 0.952, respectively for along-the-flow and 
across-the-flow, which indicated strong linear associations between some of the predictor 
variables (A, B, C, BC, AA) and the predicted variable (R). 
The results of analysis of variance (ANOVA) of the models also supported strong 
linear relationships in the model (Table 4.6). The high F values indicated a great 
significance (p < 0.001) for both models, thereby rejecting the null hypothesis (H0 ) that the 
coefficients of all predictor variables in the model were zero. Instead, an alternative 
hypothesis that at least one of these coefficients did not equal to zero was accepted. 
Therefore, the linear relationship between the predicted variable (R) and some predictor 
variables were significantly different from zero. The coefficients of all predictor variables, 
as well as the constants of the models, are listed in Table 4.7. According to these 
coefficients, the multiple regression models are built, as shown in Equations 2 and 3, for 
along-the-flow and across-the-flow, respectively. 
Along-the-flow: 
R= 68.2117 - 0,11204(A-472) - 0,13472(8-113) - 0,04666(C-325) + 0,00056(A-
472)(B-113) + 0,00003(A-472)(C-325) + 0,00053(B-113)(C-325) + 0,00160(A-
472) 2 + 0,00039(8-113) 2 + 0,00006(C-325) 2 - 0,00001 (A-472)(B-113)(C-325) 
..... (2) 
where 425 <A< 519 
82 < B < 144 
250 < C < 400 
Across-the-flow: 
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R= 132,22885 - 0,09919(A-472) - 0, 12356(8-113) - O,04665(C-325) + 0,00014(A-
472)(B-113) - 0,00008(A-472)(C-325) + 0,00006(B-113)(C-325) + 0,00135(A-
472) 2 - 0,0000?(B-113) 2 - 0,00007(C-325) 2 - 0,00001 (A-472)(B-113)(C-325) 
. ..... (3) 
where 425 <A< 519 
82 < B < 144 
250 < C <400 
The Taguchi method was used for further analysis of the shrinkage data. Winrobust 
software was used and the graphical output, as shown in Figure 4.3, was obtained. The p-
values for the factors are as shown in Table 4.8. From the graph and the table, it is clear that 
the predictor variables A, B and C have a strong linear effect at the 0.05 significance level. 
It is also noted that increasing any of the factors causes a decrease in shrinkage of the 
plastic parts. It is also seen that variable AA significantly suggests a curvature effect. The 
interaction terms, except BC, are not significant at the 0.05 significance level. Winrobust 
software can also be used for predicting the optimal values. The optimal values for 
shrinkage in both directions were found to be: 
Melt temperature: 519 °F 
Mold temperature: 144 °F 
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Hold pressure: 400 psi 
Only five of the ten processing variables (A, B, C, AA, BC) were found to be 
significant at the 0.05 significance level as seen from Table 4.8. Regression analysis was 
carried out using these variables; the R2 were 0.9486 and 0.9386 for along-the-flow and 
across-the-flow respectively. 
4.8 Verification 
The verification of the above equations was done in two steps: 
1. Three runs were selected at random points within the acceptable region and the 
shrinkage values were compared with the predicted values. 
2. Different materials were used to generalize the equations. Only the five significant 
variables were considered for this step. 
4.8.1 Verification with PS 
The three points chosen for verification are shown in Table 4.9. Five samples were 
collected for each run and the shrinkage measurements were taken. The measured values 
were compared with the predicted values from the equations and the difference between the 
two was calculated as shown in Table 4.10. The difference was less than 1 % of the 
measured values for all cases; which indicated a good fit of the equations for PS material, 
both along-the-flow and across-the-flow. 
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4.8.2 Verification with ABS 
The next step was to generalize the equations to amorphous thermoplastics. 
Acrylonitrile butadiene styrene was used for this purpose. Five variables were chosen from 
the PS results namely A, B, C, AA and BC. Seven runs were chosen as shown in Table 
4.11. The levels for the processing parameters were obtained from a previous study 
conducted by Chang and Faison (2001) on shrinkage behavior of injection molded parts and 
Dr. C-Mold plots. The samples were collected in the same method as before. Tbe shrinkage 
values were recorded and 6 simultaneous equations were formed by substituting the values 
in equation 2, below, using the shrinkage values and the operating parameters as the known 
variables and the constants as the unknown variables. 
.. ......... (2) 
One run was kept for verification of the final equation for ABS. The data were used 
in the Engineering Equation Solver (Klein, and Alvarado, 2000) for both along-the-flow 
and across-the-flow case. The results for the constants are as shown in Table 4.12. The 
verification for the equations was done using the values obtained from the seventh run. The 
difference in shrinkage between the measured and predicted values for along-the-flow case 
was found to be 0.64% (89.732 (x 10-4) and 89.156 (x 10-4) respectively), and for across-
the-flow case was found to be 4.9% (108.191 (x 10-4) and 113.488 (x 10-4) respectively). 
This indicates that the equation is a good fit for along-the-flow but for across-the-flow there 
may be some other variables coming into effect. 
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4.8.3 Verification with PP 
PP, a semi-crystalline thermoplastic, was used for further verification of the 
equations to generalize them for all thermoplastic materials. The seven runs are as shown in 
Table 4.13 and the constants are as indicated in Table 4.14. The levels for the processing 
parameters were obtained from the Dr. C-Mold plots and a previous study conducted by the 
author and Chang (2000) on the effects of process conditions on the performance of 
injection molded parts. The verification for the equations were done using the values 
obtained from the seventh run. The difference in shrinkage along-the-flow was found to be 
9.09% (192.072 (x 10-4) and 209.529 (x 10-4)) and across-the-flow to be 10.1 % (245.447 (x 
10-4) and 270.243 (x 10-4)). This indicates that the equations are not a good fit for PP 
materials and there may be other variables affecting the shrinkage behavior. This is 
expected, due to the difference in behavior of amorphous and semi-crystalline plastics. 
According to Mamat et al. (1995), holding pressure and packing time are the most 
significant factors affecting shrinkage of PP injection molded parts. 
4.9 Conclusion 
The experimental design and setup to develop a multiple regression model for 
predicting shrinkage of plastic injection molded parts has been demonstrated. Using the 
shrinkage data, multiple regression models have been developed to be integrated in the 
prediction system. Verification tests have also been conducted to evaluate the accuracy of 
these prediction models. With these data and results, one could conclude: 
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I. With regression coefficients of 0.959 and 0.952 for along-the-flow and across-the-
flow cases respectively, using the experimental data, the predictor variables, such as 
melt temperature, mold temperature and hold pressure, have a strong linear 
correlation with the predicted variable, shrinkage. 
2. Melt temperature, mold temperature and holding pressure have a negative effect on 
the shrinkage behavior of PS injection molded parts, i.e. the shrinkage value 
decrease with increase of these factors. 
3. The along-the flow equation for ABS was found to be a good fit, which indicates 
that shrinkage of both materials is affected by the same variables. The across-the-
flow equation, on the other hand, was not a good fit suggesting influence of some 
other variables. Hence, the along-the-flow equation may be generalized for all 
amorphous materials since they have similar properties. 
4. The equations for PP were not a good fit, which indicated that they could not be 
generalized for semi-crystalline thermoplastics. Other factors (e.g. Holding time) 
may have an effect on the shrinkage. 
Further research may afford increased accuracy in predicting shrinkage for semi-
crystalline thermoplastics that would be sufficient for eventual adaptation by the plastic 
industry. 
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Figure 4.1 4-cavity mold. Cavity A is for tensile samples and cavity B for shrinkage 
samples. The dash-lined circles represent the shut-off valves 
Table 4.1. The three factors under consideration and their levels for PS 
Parameter Level Setting for GPS 
Melt temperature 1 425 
(°F) 2 473 
3 519 
Mold temperature 1 82 
(OF) 2 113 
3 144 
Holding pressure 1 250 
(psi) 2 325 
3 400 
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Table 4.2. A 27 run full factorial orthogonal array with 3 factors at 3 levels each 
A B C 
Run Melt temp. Mold temp. Holding Pressure 
1 1 
2 1 1 2 
3 1 1 3 
4 1 2 1 
5 1 2 2 
6 1 2 3 
7 3 1 
8 1 3 2 
9 1 3 3 
10 2 1 1 
11 2 1 2 
12 2 1 3 
13 2 2 1 
14 2 2 2 
15 2 2 3 
16 2 3 1 
17 2 3 2 
18 2 3 3 
19 3 1 
20 3 1 2 
21 3 3 
22 3 2 1 
23 3 2 2 
24 3 2 3 
25 3 3 1 
26 3 3 2 
27 3 3 3 
Across flow 
Along flow 
--------- s· ------
Figure 4.2. Shrinkage measurement on both directions from the rectangular sample 
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Table 4.3. Centered factor levels 
A B C 
Run Melt temp. Mold temp. Holding Pressure 
-47 -31 -75 
2 -47 -31 0 
3 -47 -31 75 
4 -47 0 -75 
5 -47 0 0 
6 -47 0 75 
7 -47 31 -75 
8 -47 31 0 
9 -47 31 75 
10 0 -31 -75 
11 0 -31 0 
12 0 -31 75 
13 0 0 -75 
14 0 0 0 
15 0 0 75 
16 0 31 -75 
17 0 31 0 
18 0 31 75 
19 47 -31 -75 
20 47 -31 0 
21 47 -31 75 
22 47 0 -75 
23 47 0 0 
24 47 0 75 
25 47 31 -75 
26 47 31 0 
27 47 31 75 
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Table 4.4. L21 orthogonal array with 3 factors and their interactions 
1 2 3 4 5 6 7 8 9 10 11 12 13 
Run Melt Mold AxB AxB Hold AxC AxC BxC BxC 
temp. temp. press. 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 
2 1 1 1 1 2 2 2 2 2 2 2 2 2 
3 1 1 1 1 3 3 3 3 3 3 3 3 3 
4 1 2 2 2 1 1 1 2 2 2 3 3 3 
5 1 2 2 2 2 2 2 3 3 3 1 1 1 
6 1 2 2 2 3 3 3 1 1 1 2 2 2 
7 1 3 3 3 1 1 1 3 3 3 2 2 2 
8 1 3 3 3 2 2 2 1 1 1 3 3 3 
9 1 3 3 3 3 3 3 2 2 2 1 1 1 
10 2 1 2 3 1 2 3 1 2 3 1 2 3 
11 2 1 2 3 2 3 1 2 3 1 2 3 1 
12 2 1 2 3 3 1 2 3 1 2 3 1 2 
13 2 2 3 1 1 2 3 2 3 1 3 1 2 
14 2 2 3 1 2 3 1 3 1 2 1 2 3 
15 2 2 3 1 3 1 2 1 2 3 2 3 1 
16 2 3 1 2 1 2 3 3 1 2 2 3 1 
17 2 3 1 2 2 3 1 1 2 3 3 1 2 
18 2 3 1 2 3 1 2 2 3 1 1 2 3 
19 3 1 3 2 1 3 2 1 3 2 1 3 2 
20 3 1 3 2 2 1 3 2 1 3 2 1 3 
21 3 1 3 2 3 2 1 3 2 1 3 2 1 
22 3 2 1 3 1 3 2 2 1 3 3 2 1 
23 3 2 1 3 2 1 3 3 2 1 1 3 2 
24 3 2 1 3 3 2 1 1 3 2 2 1 3 
25 3 3 2 1 1 3 2 3 2 1 2 1 3 
26 3 3 2 1 2 1 3 1 3 2 3 2 1 
27 3 3 2 1 3 2 1 2 1 3 1 3 2 
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Table 4.5. Model summaries from the MS Excel outputs 
Model 
Along-the-flow 
Across-the-flow 
R 
0.979 
0.976 
R square 
0.959 
0.952 
Table 4.6. The ANOV A table of the regression models 
Model Item Sum of df Mean square F 
Squares 
Regression 1153.947 10 115.395 37.578 
Along-the-flow Residual 49.133 16 3.071 
Total 1203.080 26 
Regression 953.848 10 95.385 31.929 
Across-the-flow Residual 47.7988 16 2.987 
Total 1001.647 26 
Dependent Variable: R 
Table 4. 7. Coefficients of the regression equations for PS 
Along-the-flow Across-the-flow 
Predictor Coefficients Predictor Coefficients 
variable variable 
(Intercept) 68.21170 (Intercept) 132.22885 
A -0.11204 A -0.09919 
B -0.13472 B -0.12356 
C -0.04666 C -0.04665 
AB 0.00056 AB 0.00014 
AC 0.00003 AC -0.00008 
BC 0.00053 BC 0.00006 
AA 0.00160 AA 0.00135 
BB 0.00039 BB -0.00007 
cc 0.00006 cc -0.00007 
ABC -0.00001 ABC -0.00001 
Dependent Vanable: R 
Sig. 
0.000 
0.000 
87 
83 
79 
75 
Along-the-flow 
(Intercept) 
A 
B 
C 
AB 
AC 
BC 
AA 
BB 
cc 
ABC 
*Q < 0.05 
60 
Table 4.8. P-values 
P-value Across-the-flow P-value 
6.070E-22* (Intercept) 1.244E-26* 
7.294E-10* A 3.504E-09* 
2.353E-08* B 6.431 E-08* 
2.610E-07* C 2.181 E-07* 
0.1219 AB 0.6956 
0.8357 AC 0.5715 
0.0263* BC 0.7839 
0.0001* AA 0.0005* 
0.6119 BB 0.9263 
0.6292 cc 0.5809 
0.3508 ABC 0.0718 
Along-the-flow 
71-----L--+-1-+-t--t-1-t---+-+-+-t-+--+-+-+-+-+--t-----t-t--+-+--t-1--t-l +-I -+-1-tl-lt--t-l -+-l-tl-lt--t-1 -+-1-+l-!lt--t-l -+-I 
160 
150 
0 t.n 0 
t.nC"lO 
C"l11o1<1 
4 press 6 7 8 9 10 11 12 13 
Across-the-flow 
1~ \ \ ,-,--'-----,-v 
120-'----+--+-+---+-+-+-+-----+-+---;---+----+----i--+-t--+-+--t--t---i--r-+--+-+----+---+----+--t--+-+-----+-+------+-+-l--l-l-f--/-
melt mold 3 
terrp terrp 
(OF) (OF) 
Ot.nO 
tr) C"l 0 
C"lM'tj-
4 hold 6 
press 
(psi) 
7 8 9 10 11 12 13 
Figure 4.3. Response plots for shrinkage behavior using Winrobust software 
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Table 4.9. Verification runs for PS 
Run Melt temperature Mold temperature Hold pressure 
(oF) (oF) (psi) 
1 450 100 275 
2 472 113 325 
3 500 130 360 
Table 4.10. Comparison of predicted and measured values for PS verification runs 
Runs Along tlie How Across tiie flow 
Predicted Measured Difference Predicted Measured D1flerence 
(x 10-4) (x 10-4) (%) (x 10-4) (x 10-4) (%) 
1 76.712 76.472 0.314 139.107 139.364 0.184 
2 68.212 68.864 0.947 132.229 131.054 0.897 
3 63.313 63.052 0.413 126.583 127.793 0.947 
Table 4.11. Verification runs for ABS 
Runs Melt temperature Mold temperature Hold pressure 
(oF) (oF) (psi) 
1 425 110 100 
2 485 110 400 
3 455 125 400 
4 455 125 250 
5 425 125 250 
6 425 140 100 
7 485 140 400 
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Table 4.12. Constants for ABS prediction equations 
Coeftlc1ents Along-the-flow Across-the-flow 
ho 3917 5980 
bl -16.54 -26.09 
b2 -0.3083 -0.1648-
b3 -0.1041 -0.2658 
bll 0.01795 0.02909 
b23 0.000768 0.001741 
Table 4.13. Verification runs for PP 
Runs Melt temperature Mold temperature Hold pressure 
(oF) (oF) (psi) 
1 484 114 154 
2 530 114 250 
3 507 137 250 
4 507 137 202 
5 484 137 202 
6 484 160 154 
7 530 160 250 
Table 4.14. Constants for PP prediction equations 
Coefhc1ents Along-the-flow Across-the-flow 
ho 5355 3727 
bl -19.22 -12.2 
b2 -0.9001 -1.031 
b3 -0.7859 -1.008 
bl 1 0.01846 0.01133 
b23 0.004145 0.005015 
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CHAPTER 5. CONCLUSION 
This study was designed to understand the effects of three processing parameters on 
the injection molding process. This chapter summarizes the findings of the study from the 
previous chapters. This chapter also makes recommendations for further research. 
5.1 Research hypothesis 
It was hypothesized that there is no significant effect on shrinkage by any of the 
processing conditions and their interactions for the polystyrene material. This hypothesis 
was rejected at the 0.05 significance level, suggesting that some variables had a significant 
effect on shrinkage. Appendix D shows the regression output from the M.S. Excel software. 
The statistically significant factors for each characteristic can be found in Table 5 .1. 
Table 5.1. P-values 
-va ue -va ue 
ntercept 6.070E-22 tercept 1.244E-26 
A 7.294E-10* A 3.504E-09* 
B 2.353E-08* B 6.431 E-08* 
C 2.610E-07* C 2.181 E-07* 
AB 0.1219 AB 0.6956 
AC 0.8357 AC 0.5715 
BC 0.0263* BC 0.7839 
AA 0.0001* AA 0.0005* 
BB 0.6119 BB 0.9263 
cc 0.6292 cc 0.5809 
ABC 0.3508 ABC 0.0718 
* p < 0.05 
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5.2 Summary 
The purpose of this research effort was to ascertain which processing parameters are 
associated with shrinkage. Results of this . analysis were used to determine a multiple 
regression model for prediction of shrinkage at various settings of the parameters. 
Interactions among parameters were also included in the study to make it more robust. 
5.3 Observation of shrinkage for PS 
It was seen that the shrinkage for PS was affected by all the three processing 
parameters. The coefficients of all predictor variables and the constants are listed in Table 
5.2. 
Table 5.2. Coefficients of the regression equations for PS 
ow ow 
re 1ctor re 1ctor 
variable variable 
tercept 68.21170 tercept 132.22885 
A -0.11204 A -0.09919 
B -0.13472 B -0.12356 
C -0.04666 C -0.04665 
AB 0.00056 AB 0.00014 
AC 0.00003 AC -0.00008 
BC 0.00053 BC 0.00006 
AA 0.00160 AA 0.00135 
BB 0.00039 BB -0.00007 
cc 0.00006 cc -0.00007 
ABC -0.00001 ABC -0.00001 
Dependent Vanable: R 
According to these coefficients, the multiple regression models are built as shown in 
Equations 1 and 2 for along-the-flow and across-the-flow, respectively. 
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Along-the-flow: 
R= 68.2117 - 0,11204(A-472) - 0,13472(8-113) - 0,04666(C-325) + 0,00056(A-
472)(B-113) + 0,00003(A-472)(C-325) + 0,00053(B-113)(C-325) + 0,00160(A-
472)2 + 0,00039(8-113) 2 + 0,00006(C-325) 2 - 0,00001(A-472)(B-113)(C-325) 
.... (1) 
Where 425 <A< 519 
82 < B < 144 
250 < C <400 
Across-the-flow: 
R= 132,22885 - 0,09919(A-472)- 0,12356(8-113)- 0,04665(C-325) + 0,00014(A-
472)(B-113) - 0,00008(A-472)(C-325) + 0,00006(B-113)(C-325) + 0,00135(A-
472)2 - 0,00007(B-113)2 - 0,00007(C-325)2 - 0,00001(A-472)(B-113)(C-325) 
.... (2) 
Where 425 <A< 519 
82 < B < 144 
250 < C <400 
The results of analysis of variance (ANOV A) of the models also supported strong 
linear, quadratic and interactive relationships in the model (Table 5.3). The large F values 
indicated statistical significance (p < 0.001) for both models, justifying rejection of the null 
hypothesis (H
0
) that every coefficient of the predictor variable in the model was zero. 
Instead, the alternative hypothesis, at least one of these coefficients did not equal to zero, 
was accepted. Therefore, some relationships between the predicted variable (R) and the 
predictor variables were significantly different from zero. 
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Table 5 .3. The ANOV A table of the regression models 
Model Item Sum of df Mean square F Sig. 
Squares 
Regression 1153.947 10 115.395 37.578 0.000 
Along-the- Residual 49.133 16 3.071 
flow Total 1203.080 26 
Regression 953.848 10 95.385 31.929 0.000 
Across-the- Residual 47.799 16 2.987 
flow Total 1001.647 26 
Dependent V anable: R 
The R2 for both the cases are as shown in Table 5.4. The values were 0.959 
and 0.952 respectively for along-the-flow and across-the-flow, which indicated strong 
linear associations between some of the predictor variables (A, B, C:, BC, AA) and the 
predicted variable (R). 
Table 5.4. Model summaries for PS from the MS Excel output 
Model 
Along-the-flow 
Across-the-flow 
R 
0.979 
0.976 
R2 
0.959 
0.952 
Also, the melt temperature, the mold temperature and the hold pressure all have negative 
linear effects on the shrinkage behavior of PS injection molded. 
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5.4 Verification results 
5.4.1 Verification for PS 
Three runs were used for verifying the model developed for along-the-flow and 
across-the-flow case. The three runs were chosen such that the first run had conditions 
between the low and medium levels of the processing parameters, the second had the 
medium levels, and the third had conditions between the medium and high levels of the 
processing parameters. The measured values were compared with the predicted values from 
the equations and the difference between the two was calculated. This difference was less 
than 1 % for all the cases as shown in Table 5.5 which indicated a good fit of the equations 
for PS material both along-the-flow and across-the-flow. 
Table 5.5. Comparison of predicted and measured values for PS verification runs 
uns 
Predicted Measured Diflerence Predicted Measured Diflerence 
(x 10-4) (x 10-4) (%) (x 10-4) (x 10-4) (%) 
1 76.712 76.472 0.314 139.107 139.364 0.184 
2 68.212 68.864 0.947 132.229 131.054 0.897 
3 63.313 63.052 0.413 126.583 127.793 0.947 
5.4.2 Verification with ABS 
Seven runs were chosen in such a way that it included all the levels of the 
processing parameters. One run of the seven was used for validation of the equation that 
was generated using the other equations. The difference in shrinkage between the measured 
and predicted values for along-the-flow case was found to be 0.64% (89.732 (x 10-4) and 
68 
89.156 (x 10-4) respectively), and for across-the-flow case was found to be 4.9% (108.191 
(x 10-4) and 113.488 (x 10-4) respectively). This indicates that the equation is a good fit for 
along-the-flow, which indicates that shrinkage of both materials is affected by the same 
variables. But for across-the-flow case, there may be some other variables coming into 
effect. Hence, along the flow equation can be generalized for all amorphous materials as 
they have similar properties. 
5.4.3 Verification with PP 
Seven runs were chosen m such a way that it included all the levels of the 
processing parameters. One run of the seven was used for validation of the equation that 
was generated using the other equations. The difference in shrinkage along-the-flow was 
found to be 9.09% (192.072 (x 10-4) and 209.529 (x 10-4)) and across-the-flow to be 10.1 % 
(245.447 (x 10-4) and 270.243 (x 10-4)). This indicates that the equations are not a good fit 
for PP materials and there may be other variables affecting the shrinkage behavior. This is 
expected due to the difference in behavior of amorphous and semi-crystalline plastics. 
According to Mamat et al. (1995), holding pressure and packing time are the most 
significant factors affecting shrinkage of PP injection molded parts. Packing/ Holding time 
is the time for which the holding pressure is applied. Hence, the multiple regression models 
cannot be generalized for semi-crystalline thermoplastics. More analysis is necessary for 
determining the factors affecting semi-crystalline materials. 
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5.5 Recommendations 
Recommendations for further study are to conduct similar studies with different 
materials. Different materials will allow a more robust design that can be applied to all 
thermoplastic materials. Other processing characteristics ( e.g. holding time) not included in 
this study can also be examined for semi-crystalline plastics. 
Further recommendations would be to use more levels for the factors. This study 
used only three levels for each factor. This will help in getting higher order terms ( cubic, 
etc), which may be significant. 
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Table A.1. Shrinkage raw data for polystyrene 
Run Across the flow (in) Along the flow (in) 
1 0.49586 4.95599 
0.49684 4.95569 
0.49551 4.9562 
0.49523 4.95516 
0.49441 4.9542 
2 0.49569 4.95995 
0.49676 4.95973 
0.49504 4.96057 
0.49532 4.9586 
0.49559 4.95895 
3 0.49608 4.96223 
0.4956 4.96172 
0.49644 4.96032 
0.49597 4.96022 
0.4962 4.95949 
4 0.49663 4.96027 
0.49519 4.95835 
0.4955 4.95952 
0.49624 4.95723 
0.49529 4.95963 
5 0.49499 4.96057 
0.49474 4.96237 
0.49546 4.96034 
0.49723 4.96123 
0.49767 4.9581 
6 0.49695 4.96281 
0.49525 4.96482 
0.49594 4.96306 
0.49513 4.96352 
0.49728 4.96324 
7 0.49626 4.96305 
0.49578 4.96456 
0.49573 4.96393 
0.49612 4.96401 
0.4968 4.96394 
8 0.4967 4.96262 
0.49534 4.96366 
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0.49536 4.96428 
0.49607 '4.96129 
0.49713 4.96175 
9 0.49638 4.96419 
0.4967 4.96727 
0.49669 4.96518 
0.4957 4.96451 
0.49603 4.9649 
10 0.49658 4.95982 
0.49636 4.96267 
0.49615 4.96227 
0.49621 4.96253 
0.49482 4.95836 
11 0.49622 4.9647 
0.4955 4.96359 
0.4953 4.96529 
0.49765 4.96456 
0.49611 4.96264 
12 0.4964 4.96533 
0.49715 4.96591 
0.49701 4.96664 
0.49577 4.96551 
0.49549 4.96558 
13 0.49652 4.96328 
0.4963 4.96561 
0.4955 4.96378 
0.49519 4.96418 
0.4973 4.96546 
14 0.49597 4.96592 
0.4975 4.96595 
0.49509 4.96606 
0.4977 4.967 
0.49644 4.97033 
15 0.49633 4.96544 
0.49596 4.96726 
0.49643 4.96656 
0.49731 4.96722 
0.49598 4.96706 
16 0.49566 4.96603 
0.49659 4.96619 
0.49687 4.96525 
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0.49576 4.96525 
0.49669 4.96484 
17 0.4966 4.96906 
0.49682 4.96827 
0.4964 4.9669 
0.49609 4.96613 
0.49694 4.96777 
18 0.49682 4.96824 
0.49706 4.96838 
0.49612 4.9682 
0.49653 4.96907 
0.49721 4.96831 
19 0.49561 4.9636 
0.49693 4.96359 
0.49621 4.96124 
0.49608 4.96102 
0.49571 4.96133 
20 0.49509 4.96548 
0.49587 4.96532 
0.49577 4.9638 
0.49684 4.96424 
0.49738 4.96429 
21 0.49683 4.96656 
0.49703 4.96756 
0.49647 4.96676 
0.49622 4.96867 
0.49587 4.96548 
22 0.49668 4.96473 
0.4973 4.96691 
0.49518 4.96476 
0.49671 4.96566 
0.49599 4.96723 
23 0.49661 4.96567 
0.49553 4.96512 
0.49558 4.96464 
0.497 4.96506 
0.49692 -4.9681 
24 0.49693 4.96732 
0.49725 4.96935 
0.49617 4.96839 
0.49711 4.96823 
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0.49572 4.96832 
25 0.49623 4.96726 
0.49745 4.96653 
0.49566 4.96606 
0.49637 4.96541 
0.49617 4.96614 
26 0.49751 4.96861 
0.49567 4.96911 
0.49682 4.96821 
0.49665 4.96856 
0.49653 4.971 
27 0.4952 4.96805 
0.49678 4.96792 
0.49835 4.96903 
0.49754 4.97136 
0.49663 4 .97102 
Table A. 2. Shrinkage raw data for Verification runs (Polystyrene) 
Run Across-the-flow (in) Along-the-flow (in) 
0.49651 4.96018 
0.49608 4.96163 
0.49629 4.96247 
0.49575 4.96401 
0.49532 4.96053 
2 0.49629 4.96459 
0.49646 4.96544 
0.49654 4.96526 
0.49633 4.96606 
0.49642 4.96649 
3 0.4977 4.96997 
0.49621 4.96689 
0.49634 4.97012 
0.49562 4.9678 
0.49699 4.96759 
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Table A. 3. Shrinkage raw data for Verification (ABS) 
Run Across the flow (in) Along the flow (in) 
0.49329 4.95191 
0.49792 4.9538 
0.4982 4.95206 
0.49697 4.95237 
0.49787 4.95405 
2 0.49663 4.96038 
0.49612 4.96125 
0.49604 4.96127 
0.49755 4.96243 
0.49768 4.96401 
3 0.49806 4.9671 
0.4983 4.96781 
0.49841 4.96722 
0.49845 4.96638 
0.4983 4.96604 
4 0.49702 4.96581 
0.49633 4.96582 
0.49948 4.96708 
0.49876 4.96695 
0.49811 4.96586 
5 0.49625 4.95389 
0.49818 4.9556 
0.49765 4.95686 
0.49693 4.95332 
0.49878 4.956 
6 0.49653 4.95491 
0.49793 4.95621 
0.49841 4.95722 
0.49607 4.95574 
0.49524 4.95747 
7 0.49507 4.95926 
0.49558 4.95822 
0.49574 4.96273 
0.49678 4.96375 
0.49684 4.96546 
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Table A. 4. Shrinkage raw data for verification (PP) 
Run Across the flow (in) Along the flow (in) 
1 0.48896 4.88626 
0.48851 4.88807 
0.48792 4.89009 
0.4886 4.88625 
0.48833 4.88416 
2 0.4924 4.91317 
0.49266 4.9121 
0.49195 4.91118 
0.49317 4.91388 
0.49096 4.91737 
3 0.49132 4.91231 
0.49167 4.91052 
0.49126 4.91114 
0.49095 4.90964 
0.49202 4.91185 
4 0.49142 4.90551 
0.49083 4.90323 
0.48993 4.90307 
0.49027 4.91053 
0.49089 4.90695 
5 0.49108 4.90408 
0.48956 4.90331 
0.49034 4.90463 
0.4911 4.9042 
0.49119 4.9036 
6 0.48942 4.89205 
0.48954 4.89473 
0.48918 4.8918 
0.48863 4.89262 
0.48854 4.89373 
7 0.49242 4.91186 
0.49158 4.91174 
0.49163 4.90996 
0.49042 4.90813 
0.49251 4.91035 
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Table B. 1. Modified data for PS 
Run Across the flow Along the flow 
Avg S*10000 Avg S*10000 
(in) (in) 
1 0.49557 147.7137 4.955448 89.104 
2 0.49568 145.5268 4.95956 80.88 
3 0.49606 138.0119 4.960796 78.408 
4 0.49577 143.7376 4.959 82 
5 0.49602 138.8072 4.960522 78.956 
6 0.49611 136.9781 4.96349 73.02 
7 0.49614 136.4215 4.963898 72.204 
8 0.49612 136.7793 4.96272 74.56 
9 0.49630 133.2008 4.96521 69.58 
10 0.49602 138.6879 4.96113 77.74 
11 0.49616 136.0636 4.964156 71.688 
12 0.49636 131.9284 4.965794 68.412 
13 0.49616 135.9443 4.964462 71.076 
14 0.49654 128.4294 4.967052 65.896 
15 0.49640 131.173 4.966708 66.584 
16 0.49631 132.9225 4.965512 68.976 
17 0.49657 127.833 4.967626 64.748 
18 0.49675 124.2942 4.96844 63.12 
19 0.49611 137.0179 4.962156 75.688 
20 0.49619 135.3877 4.964626 70.748 
21 0.49648 129.5427 4.967006 65.988 
22 0.49637 131.7694 4.965858 68.284 
23 0.49633 132.6441 4.965718 68.564 
24 0.49664 126.5209 4.968322 63.356 
25 0.49638 131.6899 4.96628 67.44 
26 0.49664 126.5209 4.969098 61.804 
27 0.49690 121.2724 4.969476 61.048 
Table B. 2. Modified data for verification (PS) 
Run Across the flow Along the flow 
Avg S*10000 Avg S*10000 
(in) (in) 
1 0.49599 139.3638171 4.961764 76.472 
2 0.496408 131.0537 4.965568 68.864 
3 0.496572 127.7932 4.968474 63.052 
Run 
1 
2 
3 
4 
5 
6 
7 
Run 
1 
2 
3 
4 
5 
6 
7 
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Table B. 3. Modified data for verification (ABS) 
Across the flow Along the flow 
Avg S*10000 Avg S*10000 
(in) (in) 
0.49685 122.2664 4.952838 94.324 
0.496804 123.1809 4.961868 76.264 
0.498304 93.35984 4.96691 66.18 
0.49794 100.5964 4.966304 67.392 
0.497558 108.1909 4.955134 89.732 
0.496836 122.5447 4.95631 87.38 
0.496002 139.1252 4.961884 76.232 
Table B. 4. Modified data for verification (PP) 
Across the flow Along the flow 
Avg S*10000 Avg S*10000 
(in) (in) 
0.488464 288.9861 4.886966 226.068 
0.492228 214.1551 4.91354 172.92 
0.491444 229.7416 4.911092 177.816 
0.490668 245.169 4.905858 188.284 
0.490654 245.4473 4.903964 192.072 
0.489062 277.0974 4.892986 214.028 
0.491712 224.4135 4.910408 179.184 
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MACHINE SETTINGS FOR PS 
Processing Parameter Setting 
Back Pressure 100 psi 
Clamp Force 2320 psi 
Injection Speed 98 % of max. 
RPM 50 % of max. 
Holding Time 15 sec. 
Cooling Time 30 sec. 
Cycle Time 52.3 sec. 
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D. 1. Regression Analysis for PS 
Along-the-flow 
Regression Statistics 
Multiple R 0.979367667 
R Square 0.959161028 
Adjusted R Square 0.93363667 
Standard Error 1.752365197 
Observations 27 
ANOVA 
df ss MS F Significance F 
Regression 10 1153.947212 115.3947212 37.57826319 3.30381 E-09 
Residual 16 49 .13254052 3.070783782 
Total 26 1203.079752 
Coefficients Standard Error t Stat P-value 
Intercept 68.2117037 0.892260684 76.4481781 
X1 -0.112037 427 0.008695504 -12.88452371 
X2 -0.134724014 0.013323756 -1 0. 111 56417 
X3 -0.046663704 0.005507153 -8.473290627 
X1*X2 0.000561177 0.000343541 1.633508038 0.121882516 
X1*X3 2.99415E-05 0.000141997 0 .21 0860255 0.835658405 
X2*X3 0.00053233 0.000217576 2.446637897 
X1*X1 0.001604235 0.000317075 5.059484304 
X2*X2 0.000385247 0.0007 44433 0.517503736 0.611885277 
X3*X3 6.26173E-05 0.000127182 · 0.49234299 0.62916418 
X1*X2*X3 -5.39219E-06 5.61 E-06 -0.961174278 0.350766306 
Across-the-flow 
Regression Statistics 
Multiple R 
R Square 
Adjusted R Square 
Standard Error 
Observations 
ANOVA 
Regression 
Residual 
Total 
Intercept 
X1 
X2 
X3 
X1*X2 
X1*X3 
X2*X3 
X1*X1 
X2*X2 
X3*X3 
X1*X2*X3 
0.975848254 
0.952279814 
0.922454698 
1.728416197 
27 
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df ss MS F Significance F 
10 953.847821 95.3847821 31 .92878829 1.11941 E-08 
16 47.79876078 2.987422549 
26 1001.646582 
Coefficients Standard Error 
132.2288491 0.88006645 
-0.099194308 0.008576665 
-0.123559717 0.013141665 
-0.046653413 0.005431888 
0.000135013 0.000338846 
-8.0918E-05 0.000140056 
5.98559E-05 0.000214602 
0.001354018 0.000312741 
-6.89584E-05 0.000734259 
-7 .0687E-05 0.000125444 
-1.06661 E-05 5.53333E-06 
t Stat P-va/ue 
150.2481103 t J?f1-a'a~~#~$; 
-11 . 56560315 ·· .. 9:-~~q§~.g;0}): 
-9 .402135891 ·6:iiiS1':E~ba> 
-8.588802336 ,@:;:;~ii.~~iffif~f:' 
0.39845044 0.695564947 
-0.577753138 0.57147281 
0.278915308 0.783882677 
4.329512356 :.~;~'.ij~i1::r:·~i~:; 
-0.093915669 0.926342178 
-0.563494016 0.580910779 
-1.927600524 0.071849273 
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D. 2. Regression Analysis for PS with the five significant factors 
Along-the-flow 
SUMMARY OUTPUT 
Regression Statistics 
Multiple R 0.973948863 
R Square 0.948576387 
Adjusted R Square 0.93633267 
Standard Error 1.716401373 
Observations 27 
ANOVA 
df SS MS F Significance F 
Regression 
Residual 
Total 
Intercept 
X1 
X2 
X3 
X1*X1 
X2*X3 
5 1141.213045 228.242609 77.47454186 8.26147E-13 
21 61.86670711 2.946033672 
26 1203.079752 
Coefficients Standard Error t Stat P-value 
68.69333333 
-0.112037 427 
-0.134 724014 
-0.046663704 
0.001604235 
0.00053233 
o.572133791 120.0651568\<i-2'::Z852dii±~3:1 
0.008517046 -13.15449363i]i1{s1'Js:1:!e:tijt 
0.013050312 -10.32343216i:fa:'?,1;{:):~:: > .·.··  fa 
,, .,. . ·:~ 
0.005394129 -8.650831812:\f 
0.000310568 5.165495873U;f~ 
0.000213111 2.497902395t t : 
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Across-the-flow 
SUMMARY OUTPUT 
Regression Statistics 
Multiple R 0.968893938 
R Square 0.938755464 
Adjusted R Square 0.924173431 
Standard Error 1 . 709154349 
Observations 
ANOVA 
Regression 
Residual 
Total 
Intercept 
X1 
X2 
X3 
X1*X1 
X2*X3 
27 
df SS MS F Significance F 
5 940.3012014 188.0602403 64.37754602 5.10388E-12 
21 61.34538034 2.921208587 
26 1001.646582 
Coefficients Standard Error t Stat P-value 
131 _9195935 o.569718116 231 _5523937 _2;:atf~:~~::;;s~~; 
-0.099194308 0.008481085 -11.69594532' 1,~;,71I~
1
• •><,• • 
-0.123559717 0.012995211 -9.508096194\ 4.'6ij1~~;97~:~ 
-0.046653413 0.005371354 -8.685596523: 2:1'5021il:i2ID'8 
0.001354018 0.000309256 4.378305146, o~oooi~2~ss. . · · .. :.;;:· .. :~~~=- -~:::: ·- __ ; '3.~::, :.C:t' 
5.98559E-05 0.000212211 0.282058631 0.780659591 
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--..,Prime •AJ&mce Prime Alliance Data Disk 
Material: BASF Polystyrene PS 2124 
Generic: Polystyrene 
Manufacturer: BASF Corporation 
Property Data 
GENERAL 
Features Crystal 
Flow, Good 
General Purpose 
Processing Method Injection Molding 
Recycled No 
Uses Audio Tapes 
Cups 
Household Goods 
Medical Applications 
PHYSICAL 
Density/Specific Gravity 1.0400 
Melt Flow 8.00 @ G - 200 C/5.0 kg 
MECHANICAL 
Elongation@ Break 2.0 
Flexural Modulus 460000 
Tensile Modulus 355000 
Tensile Strength@ Break 6000 
IMPACT 
Notched lzod Impact 0.30@ 0.1250 in 
HARDNESS 
Rockwell Hardness 75 M-Scale 
THERMAL 
Deflection Temp @264 psi 185 
Vicat Softening 216 
Materials Data Sheet 
Units 
sp gr 23/23C 
g/10 min 
% 
psi 
psi 
psi 
ft-lb/in 
F 
F 
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cavity AD 
Resin: BASF PS2124/8 MFR (custom) 
Machine: Boy 22M 24mm 
Optimal Injection Conditions at 
*Melt Temperature Injection Pressure Filling Time 
540 
520 
500 
480 LL --Q) 
:5 460 ...., 
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E 
Q) 
I- 420 ...., 
<D 
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... 
2000 
446 F 4716 psi-b 0.7 s 
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•RkJ Machine Set-Up Sheet 
-i Des.:m:;cioo: ABS Design Dat::: 3!i 0i99 
I • 
/ Resin: Bayer Corp. 4-48 (c:rs-..cm) 
I 
! Meir Te=pc::.ar,.1.re [FJ i -4j ~: 
. - . . -· . -••t • - . : :..:: .. ::-=-::on it=e t::t!.!.,; -~=e: 
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ABS Design 
Resin: Bayer Corp. 448 [ custom] 
Machine: Boy 22M 
0 ptimal I njedion Conditions at 
xM e!t Temperature I niedion Pressure Filling Time 
445 F 9598 psi-b 1. 2 s 
J. QQ .,._:. __ i:m:ai:ic ________ ..:a:i11:11-.:-~~ . 
·~ l \ • : • • • • 
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Machine Set-Up Sheet 
Description: cavity AD 
: Resin: PP l 1Sl2A (custom) 
Machine: Boy 22M 24mm 
U,l 
;:> 
i.:l 
: Melt Temperature 
: Barrel Temperature 
[F] 
Nozzle [F] 
Front [F] 
Middle [F] 
Rear [F] :E f------------------
Mold Temperature [F] 
: Coolant Temperature Fixed Plate [F] 
Moving Plate [F] 
· Ejection Temperature [F] 
i Injection Time (Filling Time) [s] 
/ Holding Time 
i Cycle Time [s] 
: [Pr :Ph ] Resin/Hydraulic Pressure Ratio 
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